We employ airborne gravity data from NASA's Operation IceBridge collected in [2009][2010][2011][2012][2013][2014] to infer the bathymetry of sub-ice shelf cavities in front of Pine Island, Thwaites, Smith, and Kohler glaciers, West Antarctica. We use a three-dimensional inversion constrained by multibeam echo sounding data offshore and bed topography from a mass conservation reconstruction on land. The seamless bed elevation data refine details of the Pine Island sub-ice shelf cavity, a slightly thinner cavity beneath Thwaites, and previously unknown deep (>1200 m) channels beneath the Crosson and Dotson ice shelves that shallow (500 m and 750 m, respectively) near the ice shelf fronts. These sub-ice shelf channels define the natural pathways for warm, circumpolar deep water to reach the glacier grounding lines, melt the ice shelves from below, and constrain the pattern of past and future glacial retreat.
Introduction
The Amundsen Sea Embayment (ASE) in West Antarctica (West Antarctic Ice Sheet (WAIS)) is a major contributor to present-day sea level rise from Antarctica and holds an ice volume equivalent to 1.2 m global sea level rise [e.g., Rignot, 2008] . The major glaciers in the ASE include the Pine Island, Thwaites, Haynes, Smith, Pope, and Kohler glaciers. These glaciers are retreating along deep troughs with a bed elevation that decreases inland, a factor long recognized to promote rapid, irreversible retreat [e.g., Hughes, 1981] . Several studies have suggested that this sector of WAIS may already be in a state of collapse [Parizek et al., 2013; Favier et al., 2014; Joughin et al., 2014; Rignot et al., 2014] . A number of airborne radar surveys were conducted to measure ice thickness and bed topography on land [Thomas et al., 2004; Holt et al., 2006; Vaughan et al., 2006; Leuschen et al., 2010] . Fretwell et al. [2013] combined these data with year 2008 GEBCO bathymetry data to produce the bed topography BEDMAP-2 which includes the sea floor depth. A considerable amount of bathymetric data, including multibeam echo sounding (MBES) data, was subsequently assembled as part of International Bathymetric Chart of the Southern Ocean (IBCSO) [Arndt et al., 2013; Nitsche et al., 2007] , but data coverage did not extend into the sub-ice shelf cavities. As a result, bed mapping between the glacier grounding lines and the ice shelf fronts has been affected by large uncertainties. For example, the BEDMAP-2 and IBCSO bathymetries beneath Crosson and Dotson ice shelves assume zero water column; i.e., the sea floor depth coincides with the ice shelf draft. Such gap in our knowledge makes it difficult to study ice-ocean interactions beneath these ice shelves. Data from neighboring regions [e.g., Jenkins et al., 2010] show that deep channels carved on the seafloor by past advances of the glaciers exist beneath all these ice shelves. These bed troughs act as natural pathways for subsurface, warm, salty, Circumpolar Deep Water (CDW) to reach the glacier grounding lines [Jacobs et al., 2011] . Warm CDW induces high rates of ice shelf melt that exert an important control on glacier flow and stability. Conversely, sills in the seafloor or stranded icebergs may partially block the access of CDW to the glaciers [Jacobs et al., 2012] . Resolving the bathymetry beneath the ice shelves is, therefore, a fundamental prerequisite to investigations of ocean circulation near the coastline, its impact on ice-ocean interactions and glacier retreat, and in turn on understanding the past, present, and future mass balance of this sector of WAIS.
On land, the results of airborne radar surveys have been combined with high-resolution ice flow vectors from satellite radar interferometry using a mass conservation method (MC) to produce the first high-resolution (350 m), gridded map of ice thickness and bed topography upstream of the grounding 10.1002/2016GL072071 lines of all ASE glaciers [Rignot et al., 2014] . These products have revealed erroneous bed picking from the radar echoes beneath Pine Island caused by bottom crevasse formation during the rapid glacier retreat that took place in the years of [2004] [2005] [2006] [2007] [2008] [2009] . Fresh bottom crevasses yield strong radar echoes at their apex that are confused with echoes from the ice shelf draft. The corrected data revealed a deeper bed at the grounding line and the absence of major sills in topography upstream that could halt the glacier retreat. Similar conclusions of unstoppable retreat were reached for Thwaites, Haynes, Pope, Smith, and Kohler glaciers, but the shape of the sub-ice shelf cavities in front of these glaciers remains poorly sampled. This is important to resolve because the shape of the cavities determines how ocean heat reaches the glacier grounding lines, which in turn determines whether the retreat will be rapid (warm water access, high melt) versus slow (no warm water access, low melt).
Since 2009, NASA Operation IceBridge (OIB) has been collecting airborne gravity data to constrain the bathymetry beneath these ice shelves [Cochran and Bell, 2010] . These data have been complemented by in situ measurements beneath Pine Island Shelf from an Autonomous Underwater Vehicle (AUV) and from seismic methods [Muto et al., 2016 . On Pine Island, both data sets revealed the presence of an east-west ridge across the ice shelf path that probably acted as an anchor in the past Studinger et al., 2010] and modulates the access of CDW to the grounding line [Dutrieux et al., 2014] . On Thwaites, Tinto and Bell [2011] applied two-dimensional (2-D) inversions on data from year 2009 to reveal a prominent ridge, 15 km wide, with two peaks, 40 km from the present front, that may have pinned down the glacier in the past. No result has been published for Crosson and Dotson ice shelves farther west. More importantly, none of the gravity data have been analyzed and inverted in a seamless fashion to provide consistent topography across the grounding line, match the MBES/IBCSO data offshore, and the MC bed topography inland. This lack of consistency across the grounding zone significantly affects data quality and limits what can be done with ice sheet and ocean numerical models using these data. In particular, large discontinuities in bed topography across the grounding line are a major impediment to correctly reconstruct ice flow evolution.
Here we employ a methodology that combines the OIB gravity data from years 2009 to 2014 with highresolution MC bed mapping inland and MBES/IBCSO mapping offshore using a three-dimensional (3-D) inversion to obtain a consistent and comprehensive bed topography across the entire ASE domain beneath ice shelves and extending along the glacier grounding lines. In addition, for Pine Island, we use the AUV and seismic data collected on the shelf to constrain the inversion. We estimate the uncertainty of the inversion and discuss the impact of the results on the identification of natural pathways of CDW toward the grounding lines, their impact on the ice shelf melt regimes, and their impact on the past, present, and future pattern of glacial retreat.
Data and Methods
We use OIB gravity measurements acquired between October 2009 and November 2014 by the Sanders Geophysics Airborne Inertially Referenced Gravimeter (AIRGrav). AIRGrav flies a draped survey at about 400 m above ground on average [Cochran and Bell, 2010] . The gravimeter measures the Earth's gravity field and accelerations at a sampling frequency of 128 Hz. Anomalies are decimated to 2 Hz. Data are filtered and delivered at a spatial resolution of 4.9 km in this area using a 70 s full wavelength filter at an aircraft speed of 150 m/s. Eotvos, normal gravity, free-air, static, and level corrections are applied on the data to yield free-air gravity anomalies, which we refer to as gravity data in the remainder of the paper. An analysis of crossovers indicates a measurement error of 0.5 mGal for the gravity data.
We select 32 OIB tracks with an absolute elevation of less than 1500 m above mean sea level ( Figure S1 in the supporting information). All data are upward continued to the maximum plane elevation within the survey domain; i.e., the gravity data collected at various elevations are extrapolated upward to a common elevation which is the highest aircraft elevation within the survey. We divide the survey domain into three blocks for ease of computation: (1) Pine Island, (2) Thwaites, and (3) Kohler and Smith glaciers, with Haynes split between domains 2 and 3 ( Figure 1 ). The gravity data are "upward continued" to 1600 m for Pine Island, 1700 m for Thwaites, and 2000 m for Kohler/Smith. We employ the Geosoft GM-SYS 3-D software which implements Parker, 's [1973] method on a 3-D representation of the study area with three horizontal layers: (1) a solid ice layer with a density of 0.917 g/cm 3 ; (2) a seawater layer with a density of 1.028 g/cm 3 ; and (3) a rock/sediment substrate layer with a uniform density of 2.88 g/cm 3 . Density selection for rock is discussed later on. Ice surface elevation and ice shelf thickness are from BEDMAP-2. Ice shelf thickness does not impact the gravity inversion since the ice shelves are in hydrostatic equilibrium, but it is used to calculate the height of the water column beneath ice shelves.
To complete the gravity observations and obtain gravity values at every point of our polar stereographic grid (71 ∘ S secant plane, 1000 m spacing), we employ a 3-D forward model of the gravity field based on an initial guess of the bed elevation, ice/water depth, and densities over the entire domain. We apply a 70 s full wavelength filter on the forward model gravity data. The initial bed combines the MC solution inland and IBCSO offshore ( Figure S2 ). We merge the modeled and observed gravity by matching their mean value over land within a subregion of the MC domain. We allow for a 10 km wide transition boundary between the observed and modeled gravity. The approach of filling data gaps with modeled gravity minimizes edge effects along data gaps on the 3-D inversion [Gourlet et al., 2016] and improves the 3-D inversion near large gravity anomalies such as mountain blocks.
For Pine Island, we employ an additional procedure with the AUV and seismic data. The initial bed solution combines MC on land, IBCSO on the ocean, and the AUV and seismic data beneath the shelf interpolated linearly with a Delaunay triangulation. We run the forward model to calculate the corresponding gravity field, form the difference between the forward model and the observed gravity, and best fit the result with a minimum curvature surface ( Figure S3 ). The result is a gravity correction that we subtract from the OIB gravity field over the inversion domain. The corrected gravity is then completed with a forward model of the gravity, as described earlier, to fill data gaps with the rectangular domains of the inversion. In the case of Pine Island, the merging of observed and modeled gravity uses the mean gravity anomaly values in front of the glacier where MBES/IBCSO data are available.
The inversion domain extends from the MC domain to the MBES/IBCSO data or the limits of the gravity survey. We allow a 10 km wide smooth transition at the ocean boundary and at the grounding line. In the transition region, the inversion is modulated by a factor linearly varying between 0 (no gravity inversion) to 1 (full gravity inversion). No data inversion is performed on land (inversion factor is 0). We only invert the gravity data on the ice shelf and portions of the ocean not surveyed by MBES (inversion factor of 1). During the inversion, the unknown bed elevation is modified iteratively until we obtain the best match between modeled and observed gravity. The iteration stops when the standard deviation of the error gets lower than a user-provided value, here 0.1 mGal (1 milligal or 1 mGal = 10 −5 m 2 /s) ( Figure S4 ). In order to provide a consistent topographic data set, we gridded our final bed elevation to the spacing of the MC data, here 450 m, which is not representative of the resolution of our gravity data (4.9 km).
To define an optimal average bed density beneath the glacier and the ocean, we calculate the rate of convergence of the solution in the gravity data misfit, i.e., modeled minus observed gravity, for densities varying from 2.2 to 3.4 g/cm 3 with a step of 0.05 g/cm 3 . We find a minimum at a density of 2.88 g/cm 3 for Pine Island ( Figure S5 ). We do not find a minimum for Thwaites and Smith/Kohler, so we use 2.88 g/cm 3 by default. A density greater than the standard 2.67 g/cm 3 is consistent with Damiani et al. [2014] for Thwaites (2.80 g/cm 3 ) and the presence of a rather pure crystalline bedrock in front of Pine Island shelf [Lowe and Anderson, 2003] but is not consistent with the presence of thick sediments in M2016. To determine the robustness of our solution to the density selection, we compare the results obtained on Thwaites Glacier using a lower density of 2.78 g/cm 3 . We find a shift in bed elevation of 35 ± 13 m.
We use the gravity misfit, or modeled gravity minus observed gravity, to quantify the uncertainty of the inversion ( Figure S4 ). To translate the gravity misfit into an error in bed elevation, we calculate the gravity field using GM-SYS 3-D obtained after shifting the bed solution by +100 m and comparing the results with the original gravity field. We find an average shift of 5.8 ± 0.5 mGal in gravity per 100 m of water for the inversion of the Kohler/Smith bathymetry. The statistics of the misfit (median and standard deviation) are 0.2 ± 3.7 mGal for Pine Island, 0.1±3.7 mGal for Thwaites, and 0.01±3.1 mGal for Kohler/Smith ( Figure S4 ). These misfits translate into an uncertainty in bed elevation of 50 to 65 m. These numbers are a factor 2 to 3 lower than the ±150 m errors quoted by Studinger et al. [2010] for a 2-D, unconstrained inversion, i.e., without AUV, seismic, MBES/IBCSO, and MC data.
Results
The bed elevation deduced from the gravity inversion closely follows variations in free-air gravity anomaly, as expected ( Figure 2) . The results indicate that the glaciers flow down deep troughs that extend on the seafloor beneath the ice shelves and onto the continental shelf ( Figure S6 ) [Jacobs et al., 2012] . Bed elevation beneath the ice shelves exceeds 800 m on Pine Island and Thwaites, 1200 m on Crosson, and 1500 m on Dotson.
Below the Pine Island Shelf, the difference in bed elevation between the AUV data and our inversion drops from −115 ± 101 m without gravity correction to −30 ± 25 m with correction, i.e., a reduction in standard deviation by four ( Figure S7 ). For comparison, the difference between AUV and IBCSO is −22 ± 53 m. Along profile B-B' , the difference between AUV and our solution is −16±31 m versus −162±101 for IBCSO ( Figure S8 ). We are in good agreement with the grid from M2016 ( Figure S9) . The difference between their solution and ours improves from −35±127 m without correction to −40±103 m with correction ( Figure S10 ). With respect to the seismic data, our solution improves from −38 ± 97 m to −37 ± 57 m with the correction (Figure S10 ), i.e., a factor 2. For comparison, the difference between M2016 and seismic is 21±77 m ( Figure S11 ). The improved AUV/seismic fitting from our solution also partially reflects the coarser resolution (2.5 km) of M2016. Our solution confirms that the main channel beneath Pine Island Shelf is undercut by a north-south ridge with a bed elevation at 650 m depth, dropping by 50 m, 5 km south of km 60 in A-A' . Our solution offers a smooth transition with the MC topography and a seamless transition with MBES/IBCSO at the ice front. At the center of the 1996 grounding line, our bed elevation is 200 m lower than BEDMAP-2 and M2016 (red blotch in Figure S9 at 100 ∘ W, 75.25 ∘ S). This is an important feature controlling the glacier dynamics. The inversion also reveals a new channel beneath the northern ice shelf of Pine Island, not included in M2016, IBCSO, or BEDMAP-2. The northern channel is 600-800 m deep, with a water column of about 400 m ( Figure S12 ). It connects with two northern tributaries of Pine Island Glacier (Figures 1 and S6 ). The inversion also highlights a second channel to the southwest, present in M2016 but not in IBCSO or BEDMAP-2, which connects with a southwestern tributary of Pine Island Glacier (Figures 1 and S6 ). This trough is deeper (about 700-800 m) than the northern channel and extends far inland with depths in the range of 800-1000 m (Figure 2 ).
For Thwaites, our inversion improves the transition with grounded ice and MBES/IBCSO compared to the inversion of Tinto and Bell [2011] along the eastern ice shelf and at the grounding line of the fastest-moving portion of the glacier (km 40-20 in profile D-D' , Figure 2 ). The bed elevation beneath the eastern ice shelf is on average The most significant improvements in sub-ice shelf mapping are for the Crosson and Dotson ice shelves since these cavities had virtually been unexplored (Figure 2 ). The inversion reveals deep channels beneath both ice shelves. The bed trough beneath Crosson is at 800 m depth on average and deepening to 1200 m inland where the glacier has undergone a fast retreat. The trough connects with Pope, Smith East, and Smith West. The grounding line of these glaciers follows an east-west ridge with several mounds at 600 m depth. The main bed trough rises to 500 m at km 150 along F-F' , near the ice shelf front. The shallow part of the trough at km 150 is only 7-8 km wide. A set of three OIB gravity lines constrains that ridge, which lays only 1 km south of the MBES/IBCSO data, hence relatively well constrained by observations (Figures 1 and S4) . If a narrow passage exists, it has to be narrower than the resolution of the gravity data, or 5 km.
The channel beneath Dotson is deeper, exceeding 1500 m below sea level at km 30 and 75 in E-E' (Figure 2) . At km 30, the overdeepened bed coincides with the confluence of Kohler, a tributary glacier to the west, and a narrowing of the ice shelf to fit the 8 km wide terminal valley of Kohler. The bed rises rapidly along that terminal valley. Near the ice front, at km 125 on E-E' , we find the shallowest part of the trough, an east-west ridge at 750 m depth that connects Bear Peninsula and Martin Peninsula. The ridge is about 25 km wide.
The water column is more than 400 m thick. The inversion is constrained by MBES/IBCSO along the ice shelf front. We also note an 8 km channel connecting Crosson and Dotson, 700 m in depth, with a water column of 200 m, hence deep enough for water exchanges between the two cavities. Note that all the ice rises have been preserved in the inversion. The presence of many of them on the ice shelves could give the impression that Dotson Ice Shelf-and to some extent Crosson Ice Shelf-has a shallow cavity, but our results reveal that these ice rises correspond to isolated peaks rather than major ridges. The deep ice shelf cavities beneath Crosson and Dotson do not exist in IBCSO and BEDMAP-2 ( Figure S12 ).
Discussion
The results obtained beneath Pine Island Shelf confirm and complete M2016 by providing a better fit with the MC reconstruction inland and the MBES/IBCSO offshore. The seamless map resolves the pinning point at the center of the glacier (5 km to the east of A-A' at km 45 in Figure 2 ), which plays an important role in the ice dynamics [Joughin et al., 2016] . This pinning point cannot be resolved from gravity alone because of data resolution (about 5 km) but is reproduced on land with MC. The new map reveals a channel to the north that connects with shallow tributaries of Pine Island and a deeper channel to the southwest which connects with a deep tributary.
In this region, the warmest waters have been consistently observed below 700 m, and most of the decadal to subdecadal variability in ocean temperature is confined to shallower depths [Dutrieux et al., 2014] . Hence, the propencity of the region to harbor trough sills that would block access to the ice front for the warmest waters is significant. The east-west ridge in Pine Island between 650 and 700 m depth plays a major role in controlling the advection of CDW to the sub-ice shelf cavity [Dutrieux et al., 2014] . The deepest part of the ridge, a saddle in the southwest, is about 750 m, such that the inner part of the cavity leading to the deep (>1000 m) grounding line of the fast-flowing trunk is only accessed by the shallower, more variable ocean heat content. Similarly, access to a deep southern tributary in the outer part of the cavity may be limited to a water shallower than 750 m. The northern Pine Island channel is slightly shallower, but the ice shelf draft there (<450 m) is already self-limiting.
Beneath the Thwaites eastern ice shelf and the central ice tongue, the bed elevation also narrows down to about 700 m depth. These CDW pathways are, therefore, deep enough to enable intrusion of CDW but limited to shallower, more variable waters above the more consistently warm CDW.
Based on our results, considerable thinning (>100 m) would be required to detach the Thwaites eastern ice shelf from its pinning points (Figure 3 ), which makes this ice shelf more stable than could be deduced from the surface appearance of the ice rumples. At the center of Thwaites, near the grounding line, we find a shallower sill in topography at km 30 in D-D' , which is consistent with the rate of fast, continuous, and sustained retreat of the glacier at that location [Rignot et al., 2014] .
Beneath the Crosson, we find a deep trough that could channelize CDW deep into the cavity but is undercut by a narrow ridge at km 150 in F-F' . The ridge is a robust feature of the inversion, but the gravity data are limited to a spatial resolution of 4.9 km. To determine if the ridge blocks the access of CDW or if a passage narrower than 4.9 km exists, higher-resolution data and/or complementary observations would be required.
Beneath the Dotson, we find a similar but broader (20 km for Dotson versus less than 10 km for Crosson) channel with a shallow passage near the ice front, however, deep enough (700-750 m) to enable CDW intrusion. Ice shelf melt rates inferred from remote sensing data collected in 2003-2009 are lower on Dotson (7.8 m/yr) than Crosson (11.9 m/yr) . The bathymetry suggests that CDW has an easier access beneath Dotson Ice Shelf than beneath Crosson Ice Shelf, which is opposite to the contrast in ice shelf melt rate. We conclude that the difference in ice shelf melt rate does not reflect differences in sub-ice shelf bathymetry but must reflect differences in the source of CDW. Indeed, a lighter, cooler version of modified CDW accesses Dotson Ice Shelf through the Dotson/Getz western trough on the continental shelf versus the Pine Island eastern trough on the continental shelf that accesses the Crosson Ice Shelf.
Immediately inland of our inversion, the misfit between modeled and observed gravity is significant ( Figure S2 ), up to 16 mGal, which suggests that our density selection is not optimum. A more complete inversion would require a more complex geology and the presence of sediments. The misfit, however, decreases inland and does not affect our solution on land where we use the MC reconstruction. To improve the results beneath the cavities of Thwaites, Crosson, and Dotson ice shelves, additional constraints such as AUV or seismic would be needed. In the case of Pine Island Glacier, the addition of such data reduced errors from 100 m to 25 m. Without additional constraints, errors in bed elevation probably remain above 64 m. The addition of new data would not change the location of the main troughs, but it would also refine spatial details and, in particular, address the possibility of narrow, unresolved channels (<5 km).
The novel bathymetry reveals the natural pathways for CDW to access the glaciers, which are critical for ocean modeling and ice sheet flow modeling. The inversion is affected by uncertainties in bed elevation, especially in unconstrained areas. The mapping of sub-ice shelf channels from gravity, however, provides invaluable guidelines for future hydrographic and bathymetric surveys. A seamless topography between MC and IBCSO also remains a long awaited critical product in this part of West Antarctica for ice-sheet/ocean numerical modeling studies. Prior mappings, such as BEDMAP-2, do not provide reliable geometries beneath the shelves or realistic transitions at the grounding lines. The new bathymetry should help reduce uncertainties in numerical model simulations. A similar methodology combining MC, IBCSO, OIB gravity, and other data should be applied to many other ice shelves around Antarctica that remain unexplored.
Conclusions
We presented a novel 3-D inversion of the OIB gravity data in the ASE sector of West Antarctica constrained at the land boundary by a high-resolution reconstruction of bed topography from mass conservation, offshore by MBES/IBCSO data, and in between by AUV and seismic data in the case of Pine Island. The results refined the details of the Pine Island sub-ice shelf cavity, suggest a slightly shallower cavity beneath Thwaites and a smoother transition to the grounded ice, and reveal deep channels beneath the Crosson and Dotson Ice Shelves that were not known previously. These troughs provide natural access of CDW to the cavities up to a range of about 700 m depth over the entire glacier system. We expect these data to be of considerable importance for interpreting recent and past changes of this sector of West Antarctica, assist numerical models of ocean circulation, ice sheet flow, and ice-ocean interactions. The data will provide guidelines for future and detailed in situ surveys.
